Pions, like nucleons, are composed primarily of up and down quarks and gluons. Constraints on spin-independent Lorentz violation in the proton, neutron, and pion sectors translate into bounds on Lorentz violation for the fundamental fields. The best bounds on pion Lorentz violation come from astrophysical measurements. The absence of the absorption process γ → π + + π − for up to 50 TeV photons constrains the possibility that pions' maximum achievable velocities are less than 1 at the 1.5 × 10 −11 level. The fact that pions with energies up to 30 TeV are observed to decay into photons rather than hadrons bounds the possibility of a maximum velocity greater than 1 at the 2 ×10 −9 level. This provides the first two-sided bounds on Lorentz violation for pions.
In the last ten years, there has been growing interest in the suggestion that Lorentz symmetry may not be exact [1] . In this scenario, special relativity would be an excellent approximation to reality, but there would also exist real deviations from its predictions. This kind of Lorentz violation cannot occur in the standard model or any of its usual generalizations. This means that the experimental discovery of Lorentz violation would be a sure sign of significantly new physics. Thus far, there is no experimental evidence for Lorentz violation, but new experiments and reanalyses of older data have yielded some impressive bounds on many of the various coefficients that parameterize Lorentz violation in effective field theory.
The effective field theory that describes Lorentz violation is the standard model extension (SME) [2] . In addition to the experimental constraints that have been placed on many of the SME parameters, there has been quite a bit of theoretical work exploring the structure of this effective theory. Radiative corrections in the SME have curious properties [3, 4] , and many novel physical phenomena become possible when Lorentz symmetry is broken. By studying these new phenomena, it is possible to place new constraints on the SME coupling constants. Because Lorentz violation is known to be a small effect, most analyses are performed only to leading order in the SME coefficients.
We will focus here on Lorentz violation in the pion sector. One reason for this focus is simply practical; there are bounds on pion Lorentz violation that are relatively easy to establish once the theoretical groundwork is done. However, there is another deeper reason why constraining the SME parameters for pions is interesting. Like the proton and neutron (which together form the nucleon isodoublet), the pion is composed primarily of up, down, and gluon fields. To constrain the simplest (i.e. spin-independent) forms of Lorentz violation for each of these three fundamental fields, we need bounds for three different particle species. For fermion fields, the spin-independent Lorentz violations are parameterized by coefficients known as c νµ , for which there are very tight bounds in both the proton and neutron sectors [5, 6] . These translate into constraints on two particular linear combinations of the up, down, and gluon coefficients. One of these combinations depends on the detailed structure of the nucleon. It is a linear combination of the coefficients for the up and down quarks-c . The relevant nine are the gluon analogues of theκ e− ,κ o+ , and κ tr in the photon sector [7] . However, the second combination bounded by the proton and neutron experiments is, to very good accuracy, the difference c νµ u − c νµ d . Since this difference is very small, we know that the Lorentz violation respects isospin symmetry to high accuracy.
The free Lagrange density we shall consider for the pion field is
The pion field π is an isotriplet indexed by i. The charged pions are represented by is known to be extremely small (effectively zero compared with the size of Lorentz violations we shall consider here), any isospin violations associated with the Lorentz violation must be related to the very slight differences in the structure of the charged and neutral pions caused by unequal up and down masses and charges. This effect should be suppressed, just as is the mass difference between the pion types, and can be similarly neglected.
The pions described by L have maximum achievable velocities (MAVs) that are generally direction dependent. In the directionê, the MAV is [8] 
and at high energies the pion dispersion relation is effectively
Electromagnetic interactions are, of course, not invariant under isospin. (We shall assume a conventional photon sector, which is also well supported experimentally [9, 10, 11, 12, 13, 14] .) The charged pions are minimally coupled to the radiation field. Neutral pions decay electromagnetically into two photons, primarily via the chiral anomaly. It is by tracking the effects of these electromagnetic interactions that we can place bounds on k. Bounding the pion k will constrain the remaining unbounded linear combination of spin-independent up, down, and gluon coefficients.
Since the most energetic particles we can study are astrophysical, the best bounds on many SME coefficients come from analyses of high-energy astrophysical processes [15, 16, 17] . Previously, we placed bounds on the k coefficients by considering processes involving charged pions, as part of an analysis that applied to all charged particles [18] . If k is such that the MAV for a charged species X is less than 1 in a given direction, the reaction γ → X + + X − is allowed if the photon energy is large enough [19] . This process (which is a form of vacuum photon absorption) would prevent sufficiently energetic photons from reaching Earth. The fact that TeV photons can reach Earth from virtually any direction places bounds on the appropriate Lorentz violation coefficients at the 10 −15 (m 2 X /m 2 e ) level. For the charged pions, this means bounds on k of 10 −10 -10 −11 . However, to get a twosided bound on k, we must constrain the possibility that the MAV may be greater than 1 as well. To find such a bound, we must look to the neutral pions and understand how Lorentz violation affects their decays.
The dominant decay mode for neutral pions is π 0 → 2γ, and the lifetime of a π 0 at rest is less than 10 −16 s. However, there can be interesting changes in how neutral pions decay if Lorentz violation is present. For pions with large momenta, new decay modes may be possible. In particular, if the pion energy exceeds
where M N is the nucleon mass, the process π 0 → N +N becomes allowed. (To the level of accuracy we will be interested in, the nucleon sector is free of Lorentz violation.) Since the π 0 couples very strongly to nucleons, this decay proceeds much more quickly than the electromagnetic one, and above this threshold, the pions will decay into nucleons rather than photons. Because of ultrarelativistic beaming effects, the particles produced in a π 0 decay travel in essentially the same directionê as their progenitor. So if a pion is present in an energetic source, it must be moving in the source-to-Earth direction for its decay products to be detected by our telescopes. This means that the observation on Earth of pion decay photons of energy E propagating in a directionê sets a bound on k that can be parameterized as
This is the main effect that we shall use to place bounds on the possibility of a positive δ(ê), although it is not the only potentially interesting modification of π 0 decay. When particles possess Lorentz-violating dispersion relations, there may also be upper thresholds for certain decays. These are energies above which a particle cannot decay, even though it might decay at rest. Naively, we might expect this kind of threshold to be associated with dispersions relations that allow superluminal speeds. If v > 1, the time dilation factor would seem to diverge, allowing the particle to live for an infinitely long time. However, this intuitive argument turns out not to be correct.
In the right parameter regime, there is actually an upper threshold for π 0 → 2γ. If the initial π 0 has momentum p, the decay photons must together have an energy of at least | p |. If the energy E of the pion is less than this, the decay cannot proceed, and this sets an upper threshold at E γ = m/ −2δ(p). Note that this threshold only exists if δ(p) < 0, corresponding to a MAV smaller than 1.
The fact that π 0 → 2γ may be forbidden when the MAV is less than 1 suggests that it might be possible to place two-sided bounds on k by looking only at neutral pions (i.e. without making use of isospin invariance). Yet while this is true in theory, there is a significant difficulty. That the process π 0 → 2γ is forbidden does not mean that sufficiently energetic pions cannot transfer their energies into γ-rays, because the usual decay mode is not the only possible process involving a pion and two photons. If δ(p) < 0, the pion energy grows more slowly as a function of | p | than is usual. What prevents the two-photon decay at high energies is that the pion may have insufficient energy to produce the photons. However, another process replaces it above the threshold. The reaction γ + π 0 → γ ("absorption" of a pion by a photon) is normally forbidden by energy-momentum conservation; in the pion's rest frame, the pion contributes energy but not momentum to the system, but the final photon cannot carry away this excess energy. However, if the pion has less energy as a function of momentum than √ m 2 + p 2 , the process can occur. In fact, at exactly E γ , it becomes kinematically allowed. The matrix element for the new process is of the same order as for the conventional two-photon decay.
The new process does require a minimum initial photon energy to occur. In the threshold configuration, the pion and photon collide head on. The energy the incoming photon must possess in order to trigger a reaction with a pion of momentum p is
For pion energies E > E γ , ǫ γ grows as a function of | p |. Near threshold, the two terms in (5) are comparable in size.
The γ-ray signature of the δ(p) < 0 pion dispersion relation is therefore quite peculiar. At lower energies, two-photon decays are allowed. Higher-energy pions only produce a single photon when they disintegrate, so there is a diminution in the photon spectrum below E γ ; just below this threshold, the photon production will fall almost to zero. Plentiful production of photons with energies above E γ is again possible, but only as long there are seed photons with energies above ǫ γ . In practice, since ǫ γ is suppressed relative to the pion energy by an O(k) factor, it seems unlikely that an absence of sufficiently energetic photons would cut off the spectrum. If there are extremely energetic pions present in a source, there are also presumably going to be present the much lower-energy photons needed for the γ + π 0 → γ reaction. So while we have identified a very peculiar feature of π 0 disintegration in the δ(p) < 0 regime, it is not so useful for setting experimental bounds on k. One might hope to distinguish between π 0 → 2γ and γ + π 0 → γ with careful modeling of sources, but that may not be a realistic goal. Provided the seed photons needed to initiate γ + π 0 → γ are plentiful, this process will occur rapidly, and its rate will be determined by the rate at which the energetic pions are produced in hadronic collisions. Having pions disintegrate via this reaction merely cuts the number of γ-rays produced in half while roughly doubling their energies. Source models are not typically accurate enough to distinguish between scenarios that differ only by such factors of 2.
So the most reliable astrophysical techniques for placing bounds on pion Lorentz violation are as follows. If pions moving in the directionê decay into γ-rays, which are then observed on Earth, this constrains δ(ê) according to (4) . The complementary bound is the charged pion one already discussed in [18] . The arrival of any energetic photon along a directionê, sets the bound
because otherwise, the photon would decay into a collinear π + π − pair. Table 1 : Parameters for astrophysical sources with hadronic γ-ray spectra. E is the maximum energy observed for π 0 disintegration photons. The coordinates X, Y , and Z are in sun-centered celestial equatorial coordinates [31] . References are given for each source.
With data from enough sources across the sky, it is possible to constrain all nine components of k to a bounded region of parameter space. The trickiest part about setting these bounds is identifying definitely hadronic sources of γ-rays. In such sources, pions are generated in highly energetic proton-proton collisions, and very-high-energy γ-rays are produced primarily through the decay of the neutral pions. However, distinguishing these hadronic γ-rays from ones produced by electrons through inverse Compton scattering can be a challenge. Fortunately, such electrons are also strong emitters of synchrotron x-rays, and the x-ray spectrum combined with data on the structure of the source may be inconsistent with significant inverse Compton production at the highest photon energies.
Any source whose γ-ray spectrum can be identified as originating in π 0 decay automatically provides a two-sided bound on the relevant δ(ê), since both (4) and (6) apply, although the bound coming from (4) is more than an order of magnitude weaker because of the relative factor M 2 N /m 2 . γ-rays produced by processes other than π 0 decay also set bounds of the form (6) .
Because of uneven sky coverage, the bounds on the individual k coefficients are relatively weak, although they can be extracted from the bounds of the form (4) and (6) by linear programming. Sources useful for setting photon absorption bounds were tabulated in [18] . Table 1 gives a number of sources whose very-high-energy γ-ray spectra have been identified as having hadronic origins. Such sources are often associated with dense molecular clouds, which energetic protons interact with to produce copious pions.
The tightest and most easily expressible constraints are possible if the pion MAV is assumed to be independent of direction. Then there is a single parameter δ, such that k 00 = − 3δ 2 , k j0 = 0, and k jk = − δ 2 δ jk . The highest-energy photons that are observed reaching the earth come from the Crab nebula; Crab γ-rays have energies of up to at least 50 TeV [32] , and the absence of γ → π + + π − sets the bound δ > −1.5 × 10 −11 .
However, these γ-rays do not appear to originate in π 0 disintegration. Pion decay photons reach Earth from the supernova remnant RX J1713-3946 with energies of up to 30 TeV. That pions this energetic should decay into photons rather than hadrons requires that δ < 2 × 10 −9 .
If the TeV γ-rays from more sources can be identified as being hadronic in origin, the bounds on the individual k coefficients will improve, probably to the 10 −9 level when full sky coverage is reached. However, this may be difficult with the current generation of γ-ray telescopes. Complementary bounds on the coefficients from different analyses could improve the results as well; presently, the γ-ray data provide the only constraints in the pion sector.
In summary, Lorentz violation in the pion sector is interesting both theoretically and experimentally. For a pseudoscalar particle like the pion, there are relatively few possible renormalizable, Lorentz-violating operators. Isospin symmetry restricts the operators even further, to the traceless symmetric tensor k, which controls a pion's MAV. Bounds on k, in conjunction with tighter bounds for the proton and neutron coefficients, translate into comparable bounds on elements of the gluon tensor k G and the quark c u and c d separately. Every astrophysical γ-ray source provides a one-sided bound on the pion MAV in the source-to-Earth direction. For sources where the origin of the most energetic γ-rays can be traced to neutral pion decay, there is a two-sided bound on the MAV. If spatial isotropy is assumed, the bounds are at the 10 9 -10 −11 level. These are the first two-sided bounds on Lorentz violation for pions.
